ABSTRACT: Patterns and mechanisms of gene flow and larval dispersal in the Antarctic marine environment are still poorly understood, despite the current threat of rapid climate change and the need for such information to inform conservation and management efforts. Studies on Antarctic brooding marine invertebrates have demonstrated limited connectivity, concurrent with life history expectations; however, no equivalent data are available for broadcast spawning species for which we might expect a higher capacity for larval dispersal. Here, we have used microsatellite DNA markers and mitochondrial DNA sequence data to explore patterns of genetic structure and infer larval dispersal patterns across spatial scales of < 500 m to 1400 km in the broadcast spawning sea urchin Sterechinus neumayeri. We show genetic differentiation at small spatial scales (<1 km), but genetic homogeneity over moderate (1−25 km) and large spatial scales (1000 km), consistent with patterns described as chaotic genetic patchiness. Self-recruitment appears common in S. neumayeri, and genotypes of larvae collected from the water column provide preliminary evidence that the adult population structure is maintained through variability among larval cohorts. Genetic similarity at large spatial scales may represent evolutionary connectivity on a circum-Antarctic scale, and likely also reflects a history of shelf recolonisation after isolation in glacial refugia.
INTRODUCTION
Gene flow in the marine environment underpins the maintenance of genetic diversity and resilience to change, and has long been considered to reflect the dispersal potential determined by life history characteristics (Roberts 1997 , Faurby & Barber 2012 . Indeed, there is much empirical evidence supporting a correlation between the length of a pelagic larval phase and the extent of genetic exchange between populations. Direct-developing lecithotrophic and brooding species generally display high genetic structure, while planktotrophic species with longlived planktonic embryonic and larval phases achieve genetic homogeneity over large scales (see Hunt 1993 , Teske et al. 2007 , Underwood et al. 2009 , Haye et al. 2014 , Weber et al. 2015 . However, studies that contradict this rule abound, and a paradigm shift is gaining momentum. In particular, broadcast-spawning species with long pelagic larval phases often show surprising levels of genetic differentiation over small spatial scales (e.g. Taylor & Hellberg 2003 , Miller et al. 2009 , Sá-Pinto et al. 2012 , Penant et al. 2013 ).
Several factors have been identified that may limit gene flow in benthic marine species with long pelagic larval phases and high dispersal potential. Larval retention, localised adaptation, dispersal barriers such as abyssal depths and convergence zones, and the timing of reproductive events can all isolate populations (Reeb & Avise 1990 , Palumbi 1994 , Lessios et al. 1999 , McCartney et al. 2000 , Hunter & Halanych 2008 , Miller & Ayre 2008 , Thornhill et al. 2008 , Calderon & Turon 2010 , Kelly & Palumbi 2010 , Maltagliati et al. 2010 , Hoffman et al. 2011 , Ni et al. 2011 . However, an increasing number of broadcast-spawning species are found to be genetically differentiated at the smallest spatial scale studied, with apparent connectivity over larger scales (e.g. Hedgecock 1994 , Hogan et al. 2010 , Larson & Julian 1999 . Such patterns, referred to as chaotic genetic patchiness (Johnson & Black 1982) , prove challenging to explain, yet are likely to be found frequently as more studies focus at a fine spatial resolution (e.g. Arnaud-Haond et al. 2008 , Miller et al. 2009 ).
Chaotic genetic patchiness encompasses the capacity for larval dispersal to homogenise populations over large scales, while temporal and spatial variation in the availability and genetic composition of larvae may still result in fine-scale genetic structure (Johnson & Black 1982) . Several pre-settlement mechanisms have been hypothesised to drive this variation in larval recruits (see Hogan et al. 2010) . These include localised natural selection acting on larval cohorts, 'sweepstake reproductive success' (variability in reproductive success of source populations), and collective dispersal of larval cohorts from spatially/temporally distinct source populations. Sweepstake reproductive success has perhaps received the most attention (Hedgecock 1982 , Hedgecock & Pudovkin 2011 and predicts that large variances in reproductive success occur due to 'sweepstakes' where only a small number of individuals synchronise reproduction with optimal oceanographic conditions necessary for successful recruitment. This results in a reduction in effective population size; and is accompanied by reduced genetic diversity in larval cohorts compared to adult populations (Hedgecock 1994 , Hedgecock & Pudovkin 2011 . Most processes leading to chaotic genetic patchiness are contingent upon the persistence of cohesive, genetically differentiated cohorts of larvae remaining aggregated in the water column. There is only limited empirical evidence of this to date (Johnson et al. 1993 , Riquet et al. 2017 as planktonic larvae are notoriously difficult to collect, and more studies of larval genetic structure are needed (Broquet et al. 2013) .
The vast majority of research on larval dispersal and genetic connectivity patterns has focused on temperate and tropical species (Hess et al. 1988 , McCartney et al. 2000 , Lessios et al. 2001 , Addison & Hart 2004 , Duran et al. 2004 , Waters & Roy 2004 , Banks et al. 2007 , Yasuda et al. 2009 , Kelly & Palumbi 2010 , Maltagliati et al. 2010 . Despite being under greater immediate threat from environmental change (Peck 2005) , Antarctic benthic fauna remain much less understood in this respect. The nature of Antarctic waters provides unique conditions that may influence genetic structure: extremely low and stable temperatures, a coastline spanning only a few degrees of latitude, and the presence of strong circumpolar currents. In combination, these factors might be expected to homogenise populations; however, the history of glacial cycles that have drastically reduced available benthic habitat may have isolated populations and reduced genetic diversity. That very few studies of fine-scale genetic structure exist for Antarctic marine invertebrates limits our capacity to incorporate small-scale patterns in management and planning (Féral 2002 , Palumbi 2003 , Palsbøll et al. 2007 . Of the few studies that do exist, most focus on brooding species, which have no larval stage and therefore very low dispersal potential, and, unsurprisingly, show evidence of fine genetic structure (Hunter & Halanych 2010 , Arango et al. 2011 , Ledoux et al. 2012 ). Studies of broadcastspawning Antarctic benthic invertebrates with planktonic larvae have mainly focused on large-scale connectivity across major oceanographic barriers (e.g. Thornhill et al. 2008 ). To our knowledge, only a single study has identified fine-scale population structure in a broadcast-spawning Antarctic benthic invertebrate, the mollusc Nacella concinna; however, the drivers of this structure remain unknown (Hoffman et al. 2012) .
The Antarctic echinoid Sterechinus neumayeri is an ideal organism for testing the predictions of life history characteristics on population genetic structure in an Antarctic benthic marine broadcast spawner. This species is an abundant and dominant component of the nearshore benthos, with a circum-Antarctic distribution (Brey et al. 1995 , Sahade et al. 1998 , and is well studied with regards to its environmental sensitivities (e.g. King & Riddle 2001 , Lister et al. 2010 , Ericson et al. 2012 , Byrne et al. 2013 , Lister et al. 2015 , Foo et al. 2016 . It reproduces annually during the austral summer from November to De cember (Pearse et al. 1991) , and larvae spend ap proximately 4 mo in the water column before metamorphosis and settlement (Bosch et al. 1987 , Brey et al. 1995 . This extended larval stage and development time likely reflects their reduced metabolic rate in cold waters, as well as providing a strategy for planktotrophic larvae to exploit the highly seasonal planktonic food sources of Antarctic waters (Bosch et al. 1987 , Brey et al. 1995 , Brockington et al. 2007 ). The larval phase of S. neumayeri confers a high dispersal potential compared to related broadcast-spawning temperate and tropical echinoids, in which larvae remain in the water column for only days or weeks. In addition, the presence of the Antarctic Circumpolar Current (ACC) potentially provides a mechanism for westward offshore larval transport, which encompasses the entire continent (Nowlin & Klinck 1986) . Previous studies at the phylogenetic level based on mitochondrial DNA suggest that S. neumayeri may sustain considerable connectivity on a circum-Antarctic scale (Díaz et al. 2011 ), yet have reduced genetic diversity due to historical population reductions during glacial cycles (González-Wevar et al. 2012) .
In the present study, we used microsatellite and mitochondrial DNA markers to provide a comprehensive analysis of genetic structure and connectivity at small and large scales in S. neumayeri from East Antarctica. Additionally, we determined genetic structure of larval cohorts to explore the potential role of chaotic genetic patchiness in structuring Antarctic benthic communities. Fig. 1 ). In order to partition microsatellite variation into different spatial scales to infer patterns of larval dispersal, a hierarchical sampling design was used. Region represented the largest spatial scale, between the Windmill Islands and Vestfold Hills, which are separated by approximately 1400 km. Sampling within the Windmill Islands was from 2 locations 9 km apart and within the Vestfold Hills from 5 locations separated by 5−30 km (Fig. 1) . Within each location, 25−50 individuals were collected from up to 3 sites approximately 500 m apart, by dip netting, snorkeling, or surface-supply divers, and were returned live to the laboratory for processing. All individuals were considered mature based on the presence of sperm or eggs in gonad tissue, and were 4−16 cm in test diameter. A small sample of gonad tissue was dissected from each individual and stored in 95% ethanol for DNA extraction and genetic analysis.
MATERIALS AND METHODS

Sample collection
Samples of adult
Echinoplutei larvae were collected from plankton tows in the Vestfold Hills region during the 2009/ 2010 summer field season at 2 sampling locations approximately 1 km apart (Fig. 1 ). Larvae were collected from 3 plankton tows: 2 conducted near Kazak Island on 4 February 2010 and 8 February 2010, and 1 near Hawker Island on 9 February 2010 (Fig. 1) ; additional plankton tows in the region yielded no echinoplutei. All tows were carried out within 0.5 m of the water's surface, and were continued for 20−50 m, using a 200 µm mesh net with a circular opening of 0.5 m and a 500 ml cod end. Plankton that accumulated in the cod end and on the internal net surface was rinsed into a collection jar. Samples were fixed with 95% ethanol and sorted under a dissecting microscope (10×). As S. neumayeri is the only species of regular echinoid found in shallow nearshore waters of Antarctica (Dell et al. 1972) , all echinoplutei larvae found in samples were assumed to be S. neumayeri and were removed and stored individually in 95% ethanol. All larvae collected were 4-to 8-armed pluteus stages, with estimated age between 40 and 100 d, and likely to have spent 1-3 mo dispersing in the water column prior to collection.
DNA extraction and genotyping
DNA was extracted from gonad tissue using Qiagen DNeasy Blood and Tissue extraction kits following the manufacturer's protocols. Larval DNA extractions were performed using whole echinoplutei and Qiagen QIAamp DNA Micro extraction kits as per the manufacturer's protocol. Genomic DNA was quantified using a Nanodrop 8000 Spectrophotometer (Thermo Scientific).
To assess genetic patterns at the regional scale (i.e. between the Windmill Islands and Vestfold Hills), we sequenced the mitochondrial gene regions cytochrome oxidase sub-unit 1 (CO1) and ribosomal subunit 16S from a sub-set of the adult samples from each region using urchin-specific primers and universal primers, respectively (Table S1 in the supplement at www-int-res.com/articles/suppl/ m601p153_ supp.pdf). Bidirectional sequencing was performed by the Australian Genome Research Facility (Bris-bane) on an Applied Biosystems 3730 DNA Analyzer automated sequencer, using the same primers specified for PCR amplification. Sequence chromatograms were manually inspected to confirm quality, and contiguous sequences were created using MEGA 4.0 (Tamura et al. 2007 ), aligned using the ClustalW algorithm, and truncated to a consistent length for comparison. The final data comprised 813 bp of CO1 (72% of inter-primer region) and 294 bp of 16S (51% of inter primer region). BLAST searches were performed to confirm that DNA sequence results matched with published sequences of S. neumayeri.
Regional-level and fine-scale genetic structure in S. neumayeri adults and larvae were assessed using microsatellite DNA markers. Microsatellite loci were developed by Ecogenics GmbH (Zurich, Switzerland) based on 15 individuals utilising the high-throughput genomic sequencing approach (Abdelkrim et al. 2009 ).
Ten microgrammes of genomic DNA was analysed on a Roche 454 GS-FLX platform (Roche) using a 1/16th run and the GS FLX titanium reagents. A total of 38 053 reads, with an average length of 294 bp, were completed. Fragments were screened for microsatellite inserts; a total of 312 suitable candidates were discovered. Primers were designed for 24 of these, which were then tested for polymorphism. Eleven loci were deemed suitable for this study and were amplified in 4 multiplex PCRs (Table S2) . PCRs were completed in a total volume of 20 µl using Qiagen Multiplex PCR kits containing a final concentration of 3 mM MgCl, 100−300 ηg of template DNA and one unit HotStar Taq DNA Polymerase. Primer concentrations were varied between multiplex reactions to maintain product concentrations within readable limits of the sequencer. Analysis of PCR products was carried out on a CEQ 8000 Genetic Analysis Sys- tem (Beckman Coulter) automated sequencer by capillary separation, and alleles were scored as fragment size using CEQ 8000 Genetic Analysis System software (ver. 8.0). Each fragment was visually checked for scoring errors and stutter peaks. Micro-checker 2.2.3 (Van Oosterhout et al. 2004 ) was used to check for stutter bands and the presence of null alleles. Loci were also tested for linkage disequilibrium in Genepop 4.0.10 (Raymond & Rousset 1995) , with the critical level p < 0.05 adjusted for multiple comparisons, using the sequential Bonferroni procedure.
Statistical analysis
We calculated F ST and used analysis of molecular variance (AMOVA) in ARLEQUIN 3.5 (Excoffier & Lischer 2010) to test the hypothesis of no genetic subdivision between regions based on mitochondrial DNA haplotypes. Tests for departures of F ST from those expected under panmixis (i.e. F ST = 0) were based on 10 000 permutations. Tajima's D statistics were not calculated as they would not have been meaningful given the extremely low variability of the sequence data (see Results).
From the microsatellite genotypes, we calculated measures of genetic diversity including observed heterozygosity (H O ), expected heterozygosity (H E ), private alleles (P A ) and allelic richness (A R ) for adults from each site using Fstat 2.9.3.2 (Goudet 1995). Permutation tests were performed in Fstat to determine whether the 3 diversity measures were significantly different between the Windmill Islands and Vestfold Hills regions (10 000 permutations, 2-tailed p-value). To identify departures from Hardy-Weinberg equilibrium (HWE), exact tests were carried out using Gene pop, with 10 000 dememorization steps and 500 Markov chains to improve standard error to below the 0.01 threshold. The fixation index (F IS ) was used to determine the nature of the departures from HWE, where F IS > 0 indicates heterozygote deficiencies and F IS < 0 indicates heterozygote excess. Significant heterozygote deficiencies were attributed to null alleles by Micro-checker at 8 out of the 11 loci (Stenum 03, 08, 06, 18, 04, 22, 19 and 21) , and the Oosterhout correction algorithm was used to generate corrected allele frequencies for subsequent population-level comparisons. Loci were also tested for evidence of selection in Lositan (Antao et al. 2008 ) using 20 000 simulations and the recommended 'neutral mean F ST ' option (Hemond & Wilbur 2011) . Selection was assessed on the whole adult data set, as well as on the 2 regional data sets separately. (Hedrick 2005) , the standardised measure of differentiation, F' ST , was also calculated in Genalex 6.5 (Peakall & Smouse 2012) . A further measure of differentiation, Jost's D, was calculated, as it may be more robust to the high heterozygote frequencies commonly found in microsatellites (Jost 2008 , Ryman & Leimar 2009 , Whitlock 2011 ). Jost's unbiased D (D EST ) was calculated in R using the package DEMEtics (Gerlach et al. 2010 ) with 10 000 bootstrap resampling steps. To determine which populations were genetically distinct from one another, pairwise F ST between all sites was calculated in Genalex using 10 000 permutations to assess significance.
In order to partition genetic variation among regions, among locations within regions, and among sites within locations, a hierarchical AMOVA was performed in R using the package Hierfstat (Goudet 2005). Boyd Island was excluded from this analysis as there was only one site sampled at this location. For each hierarchical level, 100 000 permutations were used to determine significant departures from panmixis.
To determine whether genetic differentiation followed an isolation by distance (IBD) pattern, a correlation between geographic distance and linearised genetic distance was assessed using Mantel tests implemented in Genepop, with 100 000 permutations. Distance was represented by the shortest waterbased route between sites; high-resolution data on local ocean currents are unfortunately not available for the area. Mantel tests were performed within regions to determine whether IBD was present at small scales, and across the entire data set to explore IBD at a large scale.
In order to estimate gene flow, the number of migrants per generation (N e m) was calculated using private alleles following the method of Slatkin (1985a) in Genepop. To explore migration within and between regions, Geneclass 2 (Piry et al. 2004 ) was used to detect first generation migrants (F0) present in each site sampled. To account for the possibility of non-sampled source populations, migration detection was calculated using the likelihood method L_home and an exclusion probability of 0.01 ). The threshold for probability computa-tions was set to 0.05 with 10 000 simulated individuals. Individuals identified as F0 migrants were removed from the data set and re-assigned following the frequency-based method of Paetkau et al. (2004) with 100 000 simulated individuals and a type 1 error rate of 0.05.
In order to identify underlying genetic structure, the program STRUCTURE 2.3.3 was used to determine the number of genetic populations within the sample, and whether these populations related to geographical sampling locations (Pritchard et al. 2000 , Falush et al. 2003 , Hubisz et al. 2009 ). Twenty iterations for a K-value of 1−20 were performed with a burn-in period of 50 000 and 500 000 Markov chain Monte Carlo steps. Likelihood estimates of K-values were generated in Structure Harvester (Earl & vonHoldt 2011) using the delta K method of Evanno et al. (2005) .
Measures of genetic diversity and HWE in larval samples were calculated as described for the adult data set. To test for significant differences in diversity measures between larval samples and adult populations from the Vestfold Hills region, permutation tests for A R , H O and H E were implemented in Fstat 2.9.3.2. Genetic differentiation statistics F ST , R ST , F' ST and Jost's D EST were calculated as for adults, both globally and pairwise between samples. We used assignment tests in GeneClass2 to determine the likely population of origin of larvae, assigned as individuals and as sampling groups, using the methods as outlined above for adults. We also assessed the pairwise relatedness among larvae using the Wang estimator in COANCESTRY V1.0.1.8 (Wang 2011) , and tested for differences in the relatedness within and among larval samples for any evidence of kin-aggregated dispersal.
RESULTS
Large-scale patterns of genetic differentiation inferred from mitochondrial DNA
Across 24 individuals and 2 regions in East Antarctica there were only 2 CO1 haplotypes with a single polymorphic site representing a synonymous substitution. The common CO1 haplotype from both regions (represented by 23 of 24 individuals) has been recorded from the Antarctic Peninsula (GenBank accession HM467227.1) and several locations within the Ross Sea (GenBank accession GU227089.1, KF21457.1). Díaz et al. (2011) reported a total of 21 CO1 haplotypes in Sterechinus neumayeri, including 5 from East Antarctica; however, we were unable to compare these sequences to our own as they are not publically available.
The 16S sequences were slightly more variable than CO1, with 4 haplotypes across 24 individuals from both regions, and 3 polymorphic sites. The most common 16S haplotype (represented by 21 of the 24 individuals) has also been recorded from the Antarctic Peninsula (GenBank accession HM467250.1) and the Ross Sea (GenBank accession GU226984.1). Unsurprisingly, there was no significant genetic difference between the Windmill Islands and Vestfold Hills regions based on either the CO1 or the 16S sequence data (F ST = 0, p = 1.00 and F ST = 0.071, p = 0.483, respectively). All unique haplotypes generated in this study are available on GenBank (accession MH669388-MH669393).
Genetic diversity and differentiation inferred from microsatellite data
In total, 545 S. neumayeri adults from East Antarctica were genotyped. There was no evidence of linkage disequilibrium using the default parameters in any of the 11 loci tested. The total number of alleles found at each locus was moderate, ranging from 6 to 19 with an average of 10 alleles per locus (Table S2) . Nineteen private alleles were found across all populations. Genetic diversity was not significantly different between regions (for comparisons of H O , H E and A R , p = 0.059, p = 0.162 and p = 0.814, respectively; Table S3 ).
Populations were largely in HWE, with only 51 of 220 locus-by-site tests showing departures from HWE (Table S4) . Departures from HWE were spread over nearly all sites and loci, yet only one site (Trigwell Island 3) showed departures at more than half of the loci tested. After Bonferroni correction, 42 comparisons remained significant, and of these, the vast majority (40) represented heterozygote deficits. These were largely attributed to the presence of null alleles and the data were adjusted accordingly prior to further analysis.
In contrast to results from mitochondrial DNA analysis, we found significant genetic differentiation in adult S. neumayeri among sites based on microsatellite data (F ST = 0.010, R ST = 0.016, D EST = 0.025, F' ST = 0.024; p < 0.001 for all; Table 1 ). There was no evidence of selection acting on any of the loci when the entire data set was tested, yet balancing selection was detected at Stenum 13 and Stenum 15 (at a significance level of p < 0.01) within the Vestfold Hills region alone. Hierarchical AMOVA revealed that differentiation was not significant between the 2 regions (F ST = 0.005, p = 0.169) nor among locations within regions (F ST = 0, p = 0.470), but was significant among sites within locations (F ST = 0.008, p < 0.001), i.e. the smallest spatial scale (Table S7 ). This result was the same whether the raw data set or the data set adjusted for null alleles was tested. However, given that there were only 2 regions at the highest level, the lack of significant differences between regions may be linked to low statistical power, and should be interpreted with caution. There was no isolation by distance among locations across the entire data set (R 2 = 0.304, p = 0.071), nor among sites within each region (Windmill Islands R 2 = 0.062, p = 0.596; Vestfold Hills R 2 = 0.023; p = 0.825). The absence of largescale population structure within the entire data set was also evident in the STRUCTURE analysis, which indicated K = 1 as the most likely number of populations (based on log likelihood values) and K = 2 based on delta K (noting the Evanno method cannot resolve K = 1). However, there was no relationship between population structure and geographic location, with all populations showing genetic admixture (Fig. S1 ).
Within regions, pairwise population estimates of F ST showed that 80% of sites within the Windmill Islands, and only 30% of sites in the Vestfold Hills, were significantly differentiated (Table S5 ). This pattern was also evident when comparing pairwise D EST values (Table S5) 
Gene flow in S. neumayeri
Gene flow in S. neumayeri appears limited. Between 72 and 88% of individuals were assigned to their natal populations (Table 2) although the overall N e m of 6.1 calculated from private alleles suggests sufficient gene flow to reduce the effects of inbreeding associated with local recruitment (inbreeding connectivity, N e m > 1) but not to counteract the divergence of populations through genetic drift (drift connectivity, N e m > 10; Lowe & Allendorf 2010) . Within the Vestfold Hills region, 20% of individuals were identified as first generation migrants, as were 22% of individuals within the Windmill Islands region ( Table 2 ). The assigned source populations for these migrants indicates that gene flow within the Vestfold Hills region appears to occur more frequently between sites in different locations (separated by moderate distances of 1−25 km) than between sites within locations (at small distances of 0.5−1 km), further supporting the hierarchical genetic differentiation results. Only 7.5% of the total identified migrants at Vestfold Hills were assigned to a source population from the Windmill Islands; however, migrants within the Windmill Islands region were assigned almost exclusively to Vestfold Hills populations ( Table 2) .
The relationship between larval and adult populations of S. neumayeri
A total of 26 echinoplutei larvae from 3 separate sampling events were genotyped. There was significant genetic differentiation between the 3 larval samples, although sample size was low. Populations from Kazak Island 2 and Hawker Island were significantly differentiated based both on F ST and D EST , and Kazak Island 1 and 2 (the same site sampled 4 days apart) were significantly differentiated based on D EST alone ( (Table 3) . There were significant genetic differences between the Vestfold Hills larvae and adult populations (AMOVA, F ST = 0.148, p = 0.001) and pairwise comparisons indicated that this was the case for all adult−larval comparisons (F ST = 0.080−0.150, p = 0.010; D EST = 0.181−0.336, p = 0.010), although the small samples sizes preclude major inference from these results. Genetic diversity was not significantly different between larvae and adults at Vestfold Hills (for comparisons of H E , H O and A R , p = 0.962, 0.203 and 0.364, respectively; diversity values for larvae are provided in Table S6 ) but observed heterozygosity was higher in larvae than in adults (adults H O = 0.429, larvae H O = 0.467, p < 0.01). The relatedness among larvae within a single plankton tow (mean = −0.0779) was not significantly different to the relatedness among adults within a site (mean = −0.0682; Fig. S2a ).
Of the 26 larvae genotyped, only 14 could be assigned unambiguously to a single population of origin, with 5 originating from Ellis Fjord Site 1, 3 from Trigwell Island Site 1, 3 from Zappit Point Site 1, 2 from Boyd Island and 1 from Zappit Point Site 2 (Table S8 ). The remaining larvae were assigned with equally high probability (80−90%) to multiple populations, providing little insight into larval dispersal processes. However, when larvae were assigned as groups (based on plankton tow), the Hawker Island larvae were highly likely (61%) to have originated from Ellis Fjord Site 1, Kazak Island 1 larvae from Zappit Point Site 1 (99.2% likelihood), and Kazak Island 2 larvae from Zappit Point Site 2 (99.9% likelihood). Larvae within a sampling group were also more closely related to each other (mean relatedness = −0.0673) than to larvae from other groups (mean relatedness = −0.1434; Fig. S2b ), although notably these relatedness values are negative, indicating larvae are not close kin. Table 3 . Pairwise genetic differentiation (as F ST , D EST and F' ST ) between larval cohorts of the Antarctic echinoid Sterechinus neumayeri sampled in 2010 from Hawker Island on 9 February (n = 13), Kazak Island (1) on 4 February (n = 7), and again from Kazak Island (2) on 8 February (n = 6). Significance: *p ≤ 0.05, **p ≤ 0.01
DISCUSSION
The Antarctic echinoid Sterechinus neumayeri is characterised by fine-scale population structure. This is unexpected given its planktotrophic development and larval dispersal period of up to 4 mo. Sites separated by <1 km within both the Windmill Islands and Vestfold Hills regions showed low but highly significant genetic differentiation, and there was evidence that populations are largely self-recruiting. However, despite small-scale heterogeneity (at scales of <1 km), populations from locations within Windmill Islands and Vestfold Hills separated by tens of kilometres showed no significant genetic differentiation, consistent with a pattern of chaotic genetic patchiness (Johnson & Black 1982) . Genetic differentiation found among collections of S. neumayeri larvae, and between larvae and adults, is also consistent with models such as chaotic genetic patchiness. We found similar levels of genetic diversity in adults and larvae and no evidence of kin aggregation in larvae, a pattern that would not be expected if sweepstakes reproductive success was leading to chaotic genetic patchiness (Hedgecock & Pudovkin 2011) . This suggests that other mechanisms are driving this patchiness such as collective dispersal of larvae, and pre-or post-settlement selection (Eldon et al. 2016) . Genetic similarity across regional scales (1000 km) based both on microsatellite and mitochondrial DNA data may reflect occasional long-distance larval transport, low levels of drift in isolated populations, and/or historical signatures. The latter is apparent in numerous Antarctic benthic invertebrates and may indicate isolation in glacial refugia during the last glacial maximum, followed by circum-Antarctic recolonisation (see Allcock & Strugnell 2012 , Carrea et al. 2016 ).
Fine-scale structure despite high dispersal potential
Despite possessing a long pelagic larval phase, S. neumayeri populations are genetically differentiated over small distances (<1 km) with a high degree of natal retention (up to 88%) and no signal of isolation by distance. Similarly, unexpected genetic structure with greater differentiation between neighboring than between distant populations has been found in a wide range of other marine taxa with high dispersal potential (e.g. crab: Cornwell et al. 2016; damselfish: Hogan et al. 2010; lobster: Iacchei et al. 2013; kelp bass: Gosling & Wilkins 1985 , Hogan et al. 2010 marine goby: Selwyn et al. 2016 ).
The numerous underlying mechanisms proposed for this pattern, however, often lack empirical evidence. Broquet et al. (2013) suggested that the genetic structure of larvae be explored to tease out factors such as sweepstake reproductive success in driving chaotic genetic patchiness. Here, we have provided preliminary evidence that larval cohorts of S. neumayeri do not have depressed genetic diversity when compared to adult populations, as might be expected through sweepstakes reproductive success (Li & Hedgecock 1998) , and larval groups do not represent aggregations of kin; both factors providing little support for sweepstakes reproductive success as the driver of the chaotic genetic structure in this species (but noting the limited inference from our small sample size). However, there may be other selective or stochastic processes that occur in late-stage larvae and prior to settlement that we have not been able to examine here, and, notably, different processes may affect larval success among years, which we are unable to test, as we only sampled in a single year. There is generally limited support for sweepstakes reproductive success in studies of temperate echinoids, with similar levels of genetic diversity found among different age classes (e.g. Paracentrotus lividus: Calderon & Turon 2010 , Calderon et al. 2012 Strongylocentrotus purpuratus: Flowers et al. 2002 − all based on juvenile data not larvae), and also in a recent study of larval genetic diversity in green shore crabs (Cornwell et al. 2016) .
We have also shown some evidence that larvae of S. neumayeri collected at the same location 4 d apart and at different locations 1 d apart are genetically differentiated, although sample sizes were small and were from only one reproductive season, limiting strong inference. This suggests that differences in the genetic composition of settling larvae may drive patterns of chaotic genetic patchiness in S. neumayeri, although we cannot completely rule out the role of other mechanisms including pre-or post-settlement selection. The concept of collective dispersal of larvae in the water column has been demonstrated in other marine organisms (lobster: Iacchei et al. 2013; fish: Selwyn et al. 2016; barnacles: Veliz et al. 2006; gastropods: Riquet et al. 2017 ) and predicted for sea urchins (e.g. Moberg & Burton 2000) , and is hypothesised to reflect spatial and temporal variation in the oceanographic processes that transport larvae . That the larval groups of S. neumayeri had similar levels of within-population relatedness to that observed in adult populations, but were more related within their larval group than between larval groups, supports the concept of col-lective dispersal of larvae spawned within a population leading to chaotic genetic patchiness.
Inter-annual variation in oceanic currents around Antarctica is well established (White & Peterson 1996) , and inter-annual variability in the recruitment success of S. neumayeri has been documented (Brey et al. 1995 , Bowden et al. 2009 ), but the high degree of self-recruitment evident in this study suggests that localised currents may facilitate the retention of larvae in natal populations (see Sponaugle et al. 2002) . Furthermore, the fact that the larval populations were genetically differentiated from adults, noting that no adults were sampled in the immediate vicinity of larval collections, is also in keeping with the pattern of local recruitment. It is interesting that the larvae collected from Hawker Island were assigned to Ellis Fjord, the most proximal adult population, although larvae collected at Kazak Island were assigned to Zappit Point, the most distant adult population. Notably, the collection point of larvae in the water column may be very different to the final settlement site after 4 mo in the plankton, and hydrological data at fine spatial scales that might inform our understanding of fine-scale dispersal processes is yet to be generated for nearshore East Antarctica.
Larval behaviour of S. neumayeri is poorly understood but may also be important in shaping adult population structure. Larval stages of many fish and some invertebrate species display the ability to detect and respond to environmental gradients, actively influencing dispersal (Kingsford et al. 2002 , Paris & Cowen 2004 . A recent study on the echinoid Strongylocentrotus droebachiensis showed that larvae have the ability to control buoyancy and position in the water column based on current speed (Sameoto et al. 2010) . The ability to detect and respond to such environmental gradients has not been shown for S. neumayeri larvae; however, it may provide a mechanism for cohorts to disperse and settle as a group, leading to the fine-scale structure observed in adults. Of interest is that Bowden et al. (2009) found high densities of S. neumayeri larvae (~80 larvae/5 m 3 ) close to the seabed and in November, whereas we sampled at the surface in February and only found ~4 larvae/5 m 3 . This suggests that many larvae may actually be retained close to or on the seabed, with only a few larvae dispersing in the water column. These behavioural observations may help explain the high levels of self-recruitment indicated by the adult genetic data, which appears contrary to the inference of dispersal from the assignment of larvae found in the water column to distant populations. The small-scale genetic structure of S. neumayeri may also be related to the limited movement and narrow habitat ranges of adults (e.g. Dumont et al. 2006 ).
Large-scale homogeneity
In contrast to the fine-scale structure among sites in S. neumayeri, populations are not significantly differentiated either at the location or regional scale; indeed, the hierarchical AMOVA showed levels of F ST at the largest scale to be lower than that at the smallest within-site scale, contrary to expectations under a model of isolation by distance. Microsatellite variation generally reflects contemporary processes (Selkoe & Toonen 2006) , which implies that larval dispersal may be occurring between the Windmill Islands and Vestfold Hills regions. This is counterintuitive given the high degree of natal retention and small-scale structure highlighted above. However, only very low levels of migration (i.e. 1 to 10 migrants per generation) are necessary to prevent differentiation through genetic drift (Mills & Allendorf 1996) and our assignment tests suggest a small percentage of sea urchins in the Windmill Islands may have originated from the Vestfold Hills. This is in accordance with the direction of the ACC and the 4 mo larval pelagic phase of S. neumayeri. In addition, iceberg drift as a surrogate for current flow has shown a potential mechanism for the transport of larvae from the nearshore via re-circulation from the Antarctic Coastal Current out to the ACC (Aoki et al. 2010) . This would provide a means of easterly passive transport of larvae at speeds of at least 0.2 m s −1 (Hofmann 1985) , facilitating the 1400 km journey between the Vestfold Hills and the Windmill Islands. Contemporary larval dispersal would also explain the genetic similarity among regions revealed in the mitochondrial DNA data.
Equally plausible, however, is that populations in the Vestfold Hills and Windmill Islands are isolated, but there are only low levels of genetic drift or weak selection such that the populations have not diverged. In the absence of contemporary gene flow, the presence of identical mitochondrial haplotypes at the Windmill Islands and Vestfold Hills is likely to represent historical patterns. The observation of low diversity and a dominant, widespread haplotype with one or more closely related, rare haplotypes is a common phenomenon in Antarctic marine benthic invertebrates (see Allcock & Strugnell 2012) . It is thought to reflect founder effects from the wide recolonisation of the Antarctic shelf by these species after their extensive population reduction and isolation in icefree refugia during the last glacial maximum (see Thatje et al. 2005) . Our results therefore concur with those of studies from the Ross Sea and Antarctic Peninsula (Díaz et al. 2011 , González-Wevar et al. 2012 ) that indicate that S. neumayeri recolonised the shelf from glacial refugia to achieve its current circum-Antarctic distribution, and this is similar to patterns found in other echinoids (Carrea et al. 2016) .
In summary, our study provides one of the first examples of fine-scale genetic structure in a broadcast-spawning Antarctic benthic invertebrate, and lends support to a growing paradigm shift away from the assumption that the duration of the planktonic larval phase is a direct predictor of gene flow in marine organisms. Based on our results, we propose that, despite the potential for long-distance larval dispersal in S. neumayeri, most larvae recruit locally and long-distance dispersal is rare. Genetic similarities at the regional scale reinforce the importance of glacial refugia in shaping modern-day populations. Given the importance of maintaining gene flow in managing marine populations, particularly in Antarctica, a region currently threatened by particularly rapid climate change (IPCC 2001 , Aronson et al. 2011 , it is vital that we develop a more complete understanding of the processes governing genetic diversity and gene flow in marine fauna.
